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ABSTRACT
Using SDSS DR15 to its full extent, we derived fundamental plane distances to over
317 000 early-type galaxies up to a redshift of 0.4. In addition to providing the largest
sample of fundamental plane distances ever calculated, as well as a well calibrated
group catalogue covering the entire SDSS spectroscopic footprint as far a redshift of
0.5, we present several improvements reaching beyond the traditional definition of the
fundamental plane. In one approach, we adjusted the distances by removing system-
atic biases and selection effects in redshift-magnitude space, thereby greatly improving
the quality of measurements. Alternatively, by expanding the traditional fundamen-
tal plane by additional terms, we managed to remove systematic biases caused by the
selection of our SDSS spectroscopic galaxy sample as well as notably reducing its scat-
ter. We discuss the advantages and caveats of these various methods and calibrations
in detail. We found that improving the fundamental plane distance estimates beyond
the established methods requires a delicate balancing act between various systematic
biases and gains, but managed to reduce the uncertainty of our distance measurements
by about a factor of two compared to the traditional fundamental plane.
Key words: galaxies: elliptical and lenticular, cD – galaxies: distances and redshifts
– galaxies: fundamental parameters – galaxies: statistics –
1 INTRODUCTION
The increasing number of galaxies covered by large-scale
spectroscopic surveys (Aguado et al. 2018; Dawson et al.
2013) provides an opportunity to revisit the fundamental
plane of early-type galaxies and to explore new ideas on
how to improve this scaling relation as a distance indicator.
Furthermore, various other surveys and programmes have
accumulated a huge amount of additional distance informa-
tion, to which we can compare our data.
During the pioneering work on the scaling-relations of
early-type galaxies, the Faber-Jackson relation (Faber &
Jackson 1976; Schechter 1980; Tonry & Davis 1981) and
the Kormendy relation (Kormendy 1977) were discovered.
Nowadays, they are seen as projections of the fundamental
plane, which was properly defined and discussed in Dressler
et al. (1987) and Djorgovski & Davis (1987), after being first
mentioned in Terlevich et al. (1981). Its functional form is
often given in the following way:
log10 (Re) = a · log10 (σ0) + b · µe + c. (1)
∗E-mail: csaulder@kias.re.kr
The fundamental plane is an empirical relation between
three global parameters of elliptical galaxies: the central ve-
locity dispersion σ0, the physical effective radius Re, and the
mean surface brightness µe within the effective radius, which
is occasionally written as log10 (Ie) = −µe/2.5 in the litera-
ture1. The coefficients a, b, and c of the fundamental plane
are obtained by fitting the relation to some set of early-type
galaxies, whose distances are (approximately) known due to
another distance indicator. The central velocity dispersion
and the mean surface brightness2 are distance-independent
quantities. Consequently, one can use the fundamental plane
as a distance indicator (standard rod) by comparing the pre-
dicted effective radius with the observed one. After its dis-
covery the fundamental plane quickly became a complemen-
tary tool to the Tully-Fisher relation (Tully & Fisher 1977),
which uses late-type galaxies, for measuring extragalactic
distances.
From a more theoretical point of view, the Virial equi-
1 The corresponding fundamental plane coefficient b′ = −2.5b is
then called b in the literature, which can lead to some confusion.
2 Corrected for the Tolman-effect, which is a cosmological effect
that dims surface brightness proportional to (1 + z)4.
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librium predicts correlations between the three parameters
Re, σ0, and µe. Assuming a constant luminosity-independent
mass-to-light (M/L) ratio for all early-type galaxies, the
virial equilibrium condition would predict the following val-
ues for the coefficients: a = 2 and b = 0.4. In the litera-
ture, one typically finds values for a ranging between 1 and
1.5 (depending on the fitting method) and for b around 0.3
(Saulder et al. 2013). This discrepancy between the theo-
retical prediction and observations is called the tilt of the
fundamental plane. The reasons for this tilt have been a
matter of substantial debate, especially in the context of
galaxy evolution (Ciotti et al. 1996; Busarello et al. 1997,
1998; Graham & Colless 1997; Trujillo et al. 2004; D’Onofrio
et al. 2006; Cappellari et al. 2006; Magoulas et al. 2013)
or environmental dependence (Lucey et al. 1991; Jorgensen
et al. 1996; Pahre et al. 1998; de Carvalho & Djorgovski
1992; La Barbera et al. 2010b; Magoulas et al. 2013; Hou
& Wang 2015; Joachimi et al. 2015; Samir et al. 2016; Kip-
per et al. 2016). The fundamental plane is still a topic of
ongoing research (D’Onofrio et al. 2008; La Barbera et al.
2008; Gargiulo et al. 2009; Hyde & Bernardi 2009b; La Bar-
bera et al. 2010a; Fraix-Burnet et al. 2010; Magoulas et al.
2012; Hyde & Bernardi 2009a; Cappellari et al. 2013) and
there have been numerous discussions (Jørgensen et al. 1993;
Jorgensen et al. 1996; Jørgensen et al. 2006; Pahre et al.
1998; Bolton et al. 2008; D’Onofrio et al. 2013, 2017) on
how to understand this scaling relation. Recently, the fo-
cus has shifted towards studying the formation (Bezanson
et al. 2013; van de Sande et al. 2014; Beifiori et al. 2015,
2017) and evolution (Zahid et al. 2015, 2016; Oldham et al.
2017) of the fundamental plane and how to reconcile ob-
servations with simulations (Taranu et al. 2015; Desmond
& Wechsler 2017). Our understanding of early-type galaxies
has significantly improved during the last decade. Thanks
to the first integral field spectroscopic surveys (Bacon et al.
2001; Cappellari et al. 2011), it became clear that the ma-
jority of early-type galaxies exhibit significant rotation (Em-
sellem et al. 2011; Cappellari et al. 2007) and are not pri-
marily pressure-supported systems. Furthermore, the impor-
tance of stellar populations (Springob et al. 2012) and the
luminosity dependence of the mass-to-light ratio (Hyde &
Bernardi 2009b; Cappellari et al. 2013; Schechter et al. 2014;
Desmond & Wechsler 2017) of early-type galaxies became
crucial in understanding the tilt and the scatter of the fun-
damental plane. Additionally, it was found by Padmanab-
han et al. (2004) and Gallazzi et al. (2006) that the stellar-
to-dynamical mass ratio is not constant across all popula-
tions of early-type galaxies and D’Onofrio et al. (2008) and
Nigoche-Netro et al. (2009) showed that the fundamental
plane depends on the range in velocity dispersion and lu-
minosity. A constant stream of data coming in and being
analysed from currently ongoing big integral field spectro-
scopic surveys (Bundy et al. 2015; Croom et al. 2012) drives
the improvement of our knowledge about very complex in-
terplay between the global parameters of early-type galaxies
and their internal kinematics (Scott et al. 2015; van de Sande
et al. 2017; Graham et al. 2018). Additionally, some modi-
fications of gravity are discussed as alternatives (Jovanovic´
et al. 2016; Chiu et al. 2017) to a luminosity dependence of
the mass-to-light ratio. Furthermore, a connection between
the stellar and dark matter halo has also been proposed
(Schechter 2016) to explain the shape of the fundamental
plane.
Since its discovery, the coefficients of the fundamen-
tal plane have been calibrated using various samples, ever
increasing in size or quality. For example, some of the
most notable works providing these coefficients are Djor-
govski & Davis (1987); Dressler et al. (1987); Smith et al.
(2001, 2004); Hudson et al. (1997); Gibbons et al. (2001);
Lucey et al. (1991); Guzman et al. (1993); Jorgensen et al.
(1996); Mu¨ller et al. (1998); D’Onofrio et al. (2008); La Bar-
bera et al. (2008); Gargiulo et al. (2009); Hyde & Bernardi
(2009b); La Barbera et al. (2010a); Pahre et al. (1998); Kel-
son et al. (2000); Colless et al. (2001); Bernardi et al. (2003);
Magoulas et al. (2012); Campbell et al. (2014); Scodeggio
et al. (1998); Fraix-Burnet et al. (2010); Saulder et al. (2013,
2015); Zahid et al. (2016). The actual values of the coef-
ficients vary notably due to the different fitting methods
(Sheth & Bernardi 2012), but for the application as a dis-
tance indicator a direct fit (Bernardi et al. 2003; Sheth &
Bernardi 2012) that minimizes scatter in the physical radius
Re is the optimal choice, because it directly translates into
a scatter in distances. The fundamental plane can be used
as an efficient tool to measure peculiar motions in the local
universe (Campbell et al. 2014; Mutabazi et al. 2014).
The Sloan Digital Sky Survey (SDSS) has been continu-
ously providing new data and made its DR15 (Aguado et al.
2018) recently available to the public. While not including
new galaxies in our range of interest since the completion of
BOSS (Dawson et al. 2013), it provides updated photometric
and spectroscopic fits for all galaxies. The previously largest
sample of fundamental plane distances published along with
a limited group catalogue in Saulder et al. (2016) was effec-
tively limited to the sample size of DR7 (Abazajian et al.
2009) by the use of GalaxyZoo-I (Lintott et al. 2008). By
improving the selection criteria for early-type galaxies, one
will be able to cover many galaxies for which fundamental
plane distance have never been calculated. Furthermore, it
provides an opportunity to improve the quality of the dis-
tance measurements using the fundamental plane by better
considering the selection effects of SDSS. Different methods
for calibrations can be tested, as well as how to best take
into account known biases affecting the fundamental plane,
such the impact of the mass-to-light ratio (Hyde & Bernardi
2009b; Cappellari et al. 2013; Schechter et al. 2014; Desmond
& Wechsler 2017) and environmental effects (Joachimi et al.
2015). To investigate the latter, a state-of-the-art group cat-
alogue that covers at least the same volume as the early-type
galaxies used for the fundamental plane is required. This can
also be used to further improve the distance estimates to rich
clusters by using statistics.
Throughout this paper, we assumed a flat Λ-CDM cos-
mology with a relative dark energy density of ΩΛ = 0.7 and a
relative matter density of ΩM = 0.3 as well as a present-day
Hubble parameter of H0 = 70 km s−1 Mpc−1.
This paper is structured in the following way: in Sec-
tion 2, we present a description of the various datasets used
for this work, with additional details provided in Appendix
A. Our methods are explained in Section 3. We present the
main results of our work in Section 4 with a more detailed
description of our catalogues provided in Appendix B. We
discuss our methods and results in Section 5 and provide a
brief summary and conclusions in Section 6. Alternative ap-
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proaches that we tested are briefly discussed in Appendix C
as well as transformations between SDSS and 2MRS colours
that were required as a tool are provided in Appendix D.
2 DATA
Our primary source of data was SDSS DR15 (Aguado et al.
2018) from which we selected an essentially unconstrained
(aside from the intrinsic selection criteria of SDSS) spectro-
scopic sample of galaxies up to a redshift of 0.513 as well as
a sample of early-type galaxies, defined by colour-cuts and
likelihoods for luminosity profile fits. Additionally, we used
the value-added catalogue by Graham et al. (2018), which is
based on MaNGA data (Bundy et al. 2015), and the value-
added catalogue by Simard et al. (2011), which provides ad-
ditional parameters for SDSS galaxies. For the calibration of
our group finder algorithm, we also required simulated data.
To this end, we took the re-run of the Millennium simula-
tion (Springel et al. 2005) presented by Guo et al. (2013),
who updated it to the WMAP7 cosmology (Komatsu et al.
2011). Several additional datasets are used for comparison
and testing of our derived distances.
The mostly unfiltered galaxy sample was used to run
our group finder algorithm. The resulting group catalogue
may also be used for applications beyond the scope of this
paper. We selected galaxies in SDSS DR15 using the set of
criteria listed in Appendix A. With these criteria we found
1 527 251 objects (see Figure 1) in SDSS, for which we ob-
tained their positions and basic photometric parameters (see
Appendix A for a detailed list).
Our sample of early-type galaxies is a subsample of the
previous galaxy sample, hence all the above criteria were
applied. Additionally, we required these galaxies to fulfil
the set of criteria presented in Appendix A2. With these
selection criteria, we found 334 388 objects (see Figure 1)
in the SDSS database. Additional constraints (finer cuts)
were applied later in the calibration process to remove out-
liers and possible misclassifications. For the selected objects,
we obtained their coordinates, basic spectroscopic and pho-
tometric parameters, and their stellar masses according to
spectro-photometric Wisconsin method (Chen et al. 2012)
using Maraston stellar mass models (Maraston & Stro¨mba¨ck
2011). A detailed list of the obtained parameters is provided
in Appendix A2. This sample of early-type galaxies formed
the basis for our fundamental plane calibrations.
Graham et al. (2018) published a catalogue providing
additional kinematic parameters for 2 774 galaxies, which
were observed using integral-field spectroscopy as part of
the MaNGA programme (Bundy et al. 2015). Since MaNGA
is part of SDSS, we could easily cross-match their sample
with ours. We used the additional kinematic parameters and
more precise stellar masses provided in their catalogue for
supplementary tests of our calibrations.
The value-added catalogue of Simard et al. (2011) con-
tains Sersic-profile fits based on SDSS DR7 data (Abazajian
et al. 2009) for 1 123 718 galaxies. We used their data for
additional tests of our calibrations, but since we could not
3 This value was reduced to 0.5 after the redshifts had been
moved to the CMB rest frame to avoid an anisotropic cut-off.
improve our calibrations with them, their impact on our
analysis was minimal.
We found it useful to supplement the SDSS data with
data from the 2MRS (Huchra et al. 2012), which was a
spectroscopic follow-up to 2MASS (Skrutskie et al. 2006),
in order to compensate for the saturation bias of the SDSS
spectroscopic sample. Therefore, we included 43 533 galaxies
from 2MRS with their 2MASS magnitudes (J, H, and KS)
and redshifts into our database. We crossmatched them with
the our complete SDSS sample and found that 5 890 galaxies
were identified4 within the spectroscopic data of both sur-
veys. We used these galaxies to calibrate the colour trans-
formation (see Appendix D) and thereby calculate SDSS
magnitudes for all 2MRS galaxies. Excluding the galaxies
which were detected in both surveys, we found that 8 948
galaxies of 2MRS lie either in or within one degree of the
SDSS spectroscopic footprint. We added these galaxies to
our our main sample, which was then used as a basis for our
group catalogue.
Since the cosmological parameters of the first run of the
Millennium simulation (Springel et al. 2005) are slightly out-
dated (Planck Collaboration et al. 2015; Suzuki et al. 2012),
we decided to use its re-run by Guo et al. (2013), which as-
sumed the cosmological parameters found by WMAP7 (Ko-
matsu et al. 2011). The re-run also provides semi-analytical
galaxy models based on Guo et al. (2011), which we used
to build mock-catalogues for the calibration of our group
finder algorithm. We selected every galaxy with an absolute
magnitude brighter than -15 mag in the i band from all snap-
shots between 61 (corresponding to redshift 0) and 46 (cor-
responding to redshift 0.5086). For these simulated galaxies,
we gathered the parameters listed in Appendix A4. Each
snapshot contains more than 10 million objects from which
we selected the galaxies to construct our mock-catalogues.
In addition to all the data, which we required to cal-
ibrate and apply the fundamental plane, we also obtained
various datasets using other distance indicators to test our
own calibrations. Those include the catalogue of 740 Super-
novae Type Ia distances by Betoule et al. (2014), the 56
124 distance measurements using the Tully-Fisher relation
found in the latest version of the NASA/IPAC Extragalac-
tic Database, and the distance measurements using various
methods for 17 669 galaxies collected by the CosmicFlows
project (Tully et al. 2016).
3 METHOD
3.1 Mock catalogues
The first step in building a group catalogue is to ensure that
the group finder algorithm is well calibrated for the dataset it
is applied on. The SDSS/BOSS data we used is the product
of a series of selection criteria, which define the sparsity of
the sample and thereby the optimal linking lengths of our
FoF algorithm. To this end, we created a series of mock
catalogues based on the data we obtained from the WMAP7
re-run of the Millennium simulation (Guo et al. 2013).
We built a set of (mostly) independent mock-catalogues
4 Using a tolerance of 10 arcseconds of angular separation and
300 km/s in radial velocity.
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Figure 1. Redshift-absolute magnitude distribution of our samples. Left panel: the initial galaxy sample used for the group finder
(SDSS/BOSS only). Right panel: initial early-type galaxy sample. The bluish heatmap represent the relative number densities of galaxies
with dark blue tones indicating higher numbers.
from the available data. To this end, we decided to treat
every snapshot independently as a representation of its par-
ticular redshift range. Each snapshot is a cube of a side
length of 500/h Mpc. We calculated that it is possible to cre-
ate 4 slices with no overlap at the lower redshifts and only
limited overlap at the higher redshifts from each snapshot,
if applying the following procedure. We defined centres for
each slice at the following co-moving Cartesian coordinates:
(100/h Mpc, 250/h Mpc, 250/h Mpc), (200/h Mpc, 250/h
Mpc, 250/h Mpc), (300/h Mpc, 250/h Mpc, 250/h Mpc),
and (400/h Mpc, 250/h Mpc, 250/h Mpc). Then we rescaled
each snapshot to physical units. We call the redshifts corre-
sponding to the time at which the snapshots were taken, the
central redshift. We defined upper and lower limits for the
redshift range associated with each snapshot by taking the
average value between the central redshifts of two neighbour-
ing snapshots. Then we translated the central redshift as well
as the upper and lower limits to co-moving distances. Our
virtual observer is located at a point, which is the co-moving
distance of the central redshift (in the negative x-direction)
away from the centre of each slice. All galaxies closer than
the lower redshift limit (as a co-moving distance) from the
virtual observer were removed from that slice, as well as all
galaxies further away than the upper redshift limit. The re-
sulting four slices only share a few galaxies with each other
(especially considering the magnitude and colour-cuts intro-
duced in the next step). We repeated the entire procedure
in the y- and z-direction as well and end up with 12 largely
independent slices for each snapshot.
Before we could introduce the SDSS/BOSS selection ef-
fects into our mock-catalogues, we had to obtain the redshift
dependence of the uncertainties of the observed magnitudes
in SDSS. To this end, we made use of the error-bars of the
Petrosian magnitudes supplied by the catalogues. We split
them into redshift bins, calculated the median, and did a
simple interpolation between the bins. In the next step, we
calculated the impact of the peculiar motions on the mock
data.
zreal =
(
(1 + zcosmo) ·
(
1 +
− ®vpec · ®nview
c
))
− 1 (2)
While we could simply transform the co-moving distance to
the virtual observer into a cosmological redshift zcosmo, we
had to take into account the peculiar motions of galaxies to
obtain the ’real’ redshift zreal. This is not the true observed
redshift, since we still had to factor in the error of the red-
shift observation itself, which is done in Equation 4. ®vpec
denotes the vector of the peculiar motions from the Millen-
nium simulation, ®nview the unit-vector of the line-of-sight
from the virtual observer to the galaxy, and c is the speed
of light.
mapp,mock = Mabs,mill + ∆m (zcosmo) ·G+
K(zreal) + 5 · log10 (DL (zcosmo) /pc) − 5 (3)
The apparent magnitude mapp,mock of the galaxies in our
mock-catalogues was obtained from the absolute magnitude
Mabs,mill found in the Millennium simulation by adding the
observational error ∆m of the magnitudes, the K-correction
K, and the distance modulus, which is derived from the lu-
minosity distances DL . We use the symbol G to indicate a
random Gaussian noise with a standard deviation σ of 1.
Naturally, these corrections were applied to all magnitudes
in all bands.
zobs = ((1 + zreal) · (1 + ∆z ·G)) − 1 (4)
The actually observed redshift zobs is obtained by consider-
ing the measurement error ∆z of redshifts for the real red-
shifts zreal. In the next step, we applied the selection criteria
for the various SDSS and BOSS samples on our mock-data.
We considered the magnitude limit and saturation bias for
the SDSS main galaxy sample, the colour, magnitude, and
redshift cuts for the SDSS LRG low-z and SDSS LRG high-z
samples, the colour and magnitude cuts for the BOSS low-z,
BOSS CMASS and BOSS CMASSsparse samples, the main
Quasar sample, and the magnitude limits of the 2MRS sam-
ple. Afterwards, we merged the various samples in each of
our slices.
By directly applying the SDSS selection criteria on the
mock-catalogues, which are using the semi-analytic galaxy
models of Guo et al. (2011), we found that the galaxy den-
sities do not match and are not even reasonably near the
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Figure 2. Galaxy density as a function of redshift in observa-
tional data and the mock catalogues.
values derived from observations (see Figure 2). We found a
notable dearth of galaxies (by almost an order of magnitude)
between a redshifts 0.2 and 0.45. Therefore, we had to fine-
tune the selection criteria by adding some tolerances until
we got the galaxy density in the mock catalogues reasonably
close to the observed values across the entire redshift range.
In particular, we allowed for an about 0.2 mag wider range
for all magnitude limits and colour-cuts applied to select the
various SDSS samples. After the fine-tuning, we combined
all pairs of non-neighbouring slices (with each slice set to be
pointing at opposite directions on the virtual sky) into our
set of 6 mock catalogues for all of our 16 snapshots.
3.2 Group finder algorithm
In the next step, we ran our group finder algorithm on these
mock catalogues to obtain the optimal linking lengths. Our
version of the friends-of-friends approach follows Duarte &
Mamon (2014), who pre-grid the data before running the
nearest neighbour search to improve efficiency. We also used
the fofID number from the Millennium Run database to
assemble groups which lie in the same dark matter halo.
These halo-based groups are used as the comparison sam-
ple for identification of the best linking length for FoF in
a given snapshot. We follow Robotham et al. (2011), and
match groups between the FoF and halo-based catalogues
according to a cost function based on bijective matches be-
tween groups in each catalogue. The cost function is based
on matched groups that share at least 50% of their galax-
ies, and the group ’purity’, see Equations 9-15 in Robotham
et al. (2011). After obtaining the optimal values for all of our
mock catalogues, we calculated the median of the optimal
linking lengths of each mock catalogue for every snapshot
(see Figure 3). The effects of the different samples are clearly
visible in the linking lengths. At the lowest redshift bin, the
saturation bias causes a larger linking length than for mag-
nitude limited part of the SDSS main galaxy sample. There
is a consistent rise in the linking lengths with redshift, which
reaches a plateau once the more volume-limited samples such
as the LRG and CMASS samples start to dominate. When
comparing the scatter between the linking lengths of the in-
dividual mock catalogues to the galaxy densities of Figure
2, we see that it noticeably increases once the sample gets
sparser. We used cubic splines to interpolate between the
different redshifts and applied these interpolations in our
group finder.
Before we could use our group finder on SDSS data, we
had to filter and properly calibrate the observational data
first.
mextcor = mobs − ASchlegel. (5)
We corrected the SDSS5 magnitudes mobs for galactic ex-
tinction ASchlegel according to the Schlegel maps (Schlegel
et al. 1998) to obtain the extinction-corrected magnitude
mextcor. In the case of the galaxies, which were only in
the 2MRS sample, we used the extrapolated SDSS magni-
tudes based on a fit using the H-Ks and J-H colours and the
Ks band magnitudes instead. This fit was calibrated using
galaxies in both surveys and the details of this method are
explained in Appendix D.
K(z,m f1 − m f2 ) =
∑
i, j
Bi j zi(m f1 − m f2 )j (6)
mapp = mextcor − K(zobs,m f1 − m f2 ). (7)
Afterwards, we applied a K-correction K(zobs,m f1 − m f2 ) to
the extinction-correction magnitudes mextcor. We used the
K-correction of Chilingarian et al. (2010), with updated co-
efficients from Saulder et al. (2013). m f1 − m f2 denotes any
suitable colour and zobs the observed redshift directly from
the SDSS pipeline. We used the following combinations: g
band: g-r colour, r band: g-r colour, i band: g-i colour, z-
band: g-z colour, J band: J-Ks colour, H band: H-Ks colour,
and Ks band: J-Ks colour.
We also transformed all redshifts to the CMB-rest
frame. With the CMB-redshifts zcmb, we calculated the an-
gular diameter distances DA and the luminosity distances
DL . Using the distance modulus, we calculated the abso-
lute magnitude Mabs and derived the luminosity L in so-
lar units using the absolute magnitude of the sun (Willmer
2018) Mabs,.
vrad = c ·
(1 + zcmb)2 − 1
(1 + zcmb)2 + 1
(8)
Since our radial linking length was calibrated in km/s, we
also transformed the redshifts into radial velocities vrad for
every galaxy.
To remove potentially problematic objects, we removed
all galaxies with an absolute magnitude brighter than -30
mag and fainter than -15 mag in the i band. Furthermore,
all objects with a g-i colour of more than 3 mag or less
than -2 mag were excluded from the sample. Since we did
not want to have any galaxies outside the calibrated range of
our group finder, we removed all objects with a redshift zcmb
lower than zero and higher than 0.5. These cuts reduced our
sample to 1 480 600 galaxies.
lα = atan
(
lb
DA
)
(9)
5 We use the index obs to mark observational parameters directly
taken from the SDSS database.
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Figure 3. Optimized linking lengths used for our group finder algorithm. Left panel: angular linking lengths. Right panel: radial
linking lengths. The various shapes mark optimal values derived from the different mock catalogues, the dashed-blue line indicates the
interpolation we used in our group finder algorithm, with the blue shaded area highlighting the uncertainty.
When we ran our FoF group finder, we could take the radial
linking length lR directly and compare it with the radial
velocity vrad. However, we had to transform our angular
linking length lb from physical units to angles lα.
Besides just assigning group memberships, our group
finder calculated the several parameters for every group
that it detected using the methods thoroughly tested in
Robotham et al. (2011) and discussed again for a similar
group finder algorithm in Saulder et al. (2016). The radial
group centre was calculated by taking the median of the
redshifts of all group members. The projected group centre
was found by using the centre of light of the group members
and iteratively removing the members with largest angular
separation. The projected group radius was defined as the
distance from that projected group centre in which 50% of
the group members are located.
We calculated group velocity dispersions using the gap-
per estimator of Beers et al. (1990) including the modifica-
tion of Eke et al. (2004).
σgap =
pi
Nfof(Nfof − 1)
Nfof−1∑
i=1
wigi, (10)
wi = i · (Nfof − i), (11)
gi = vi+1 − vi, (12)
vi
c
=
(1 + zobs,i)2 − 1
(1 + zobs,i)2 + 1
, (13)
σgroup =
√
Nfof
Nfof − 1
σ2gap − σ2err. (14)
The gapper velocity dispersion σgap of a group with Nfof
member was calculated by summing up the product of the
weights wi and the radial velocity gaps gi for all all its mem-
bers. It was essential that the radial velocities vi were or-
dered for this approach, which we assured by applying a
simple sorting algorithm for each group. The radial veloc-
ities vi were calculated using the observed redshifts zobs,i .
The group velocity dispersion σgroup also took into account
the measurement errors of the redshift determination σerr,
which were 30 km/s for SDSS, 65 km/s for BOSS, and ∼ 32
km/s for 2MRS. In the case that the obtained group veloc-
ity dispersion was lower than the measurement errors of the
redshift determination, we set them to their corresponding
σerr.
The observed group luminosity is merely the sum of the
i band luminosities of all its detected members.
3.3 Basic calibrations for early-type galaxies
Most parameters needed to get to the different fundamental
plane calibrations are the same. The extinction correction
and the K-correction were already presented in Equation
5 and Equation 6, respectively. Besides these two correc-
tions, the apparent magnitudes are typically also corrected
for evolutionary effects. As illustrated by the dearth of bright
galaxies at very low redshifts in Figure 1, the saturation bias
of SDSS spectroscopy removes all galaxies from the main
galaxy sample with apparent magnitudes brighter than 15
mag in the g and r band and brighter than 14.5 mag in the
i band. As illustrated in Figure 4, the saturation bias is dif-
ferent and poorly defined for the LRG sample of SDSS. The
BOSS low-z sample, which also contributed galaxies to our
catalogue, suffers from a saturation bias for galaxies brighter
than 16 mag in the r band, but there are other galaxies
observed with BOSS fibres that are not affected by this
bias. At higher redshifts, the sample of early-type galaxies
gets increasingly sparse, on the one hand due to Malmquist
bias, which removes the intrinsically faintest galaxies in
magnitude-limited surveys, and on the other hand the light
profiles become increasing PSF-like, which means that the
likelihood for a de Vaucouleurs-profile as calculated by the
SDSS pipeline shrinks correspondingly. Consequently, this
does not allow for easy classification according to our crite-
ria (see Appendix A2).
mapp,evcor = mapp +Q · zgroup (15)
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Figure 4. Our sample of early-type galaxies used for the fundamental plane calibrations split into the different subsamples. Top-left
panel: SDSS main galaxy sample only; top-centre panel: SDSS LRG sample; top-right panel: other samples observed with SDSS fibres;
bottom-left panel: BOSS low-z sample; bottom-centre panel: other samples observed with BOSS fibres, but no flags sets; bottom-right
panel: CMASS sample (regular CMASS and CMASS sparse combined). Red dotted line: official saturation limit in SDSS; green dotted
line: official saturation limit in BOSS; red dashed line: limiting magnitude of the SDSS main galaxy sample; green dashed line: limiting
magnitude for the BOSS low-z galaxy sample; magenta dashed-dotted line: redshift-limit of our early-type galaxy sample.
To obtain the evolution corrected magnitude mapp,evcor,
we took advantage of our group catalogue and used the
group redshift zgroup, which should be barely affected by
the finger-of-god effects in clusters. All derivative quantities
using the apparent magnitude were calculated in two ways,
one using the evolution corrected magnitude mapp,evcor and
one using the uncorrected apparent magnitude mapp. The
evolution correction parameter Q is obtained by finding a
constant number density for the brightest galaxies within
the redshift range for which our sample of these galaxies
is the most complete. We estimated the redshift range in
which our early-type galaxy sample is complete for galaxies
brighter than -23.5 mag in the z band to be between 0.07 and
0.25. Within this redshift range, we calculated the mean sep-
aration to the five nearest neighbours for all galaxies brighter
than -23.5 mag after applying the evolution correction pa-
rameter Q and split them into 0.01 wide redshift intervals.
We varied Q between 0 and 2 mag/z and found that the
optimal value that preserves the mean separation (hence in-
directly the number density) of the brightest objects in the
sample is 0.71 mag/z. This value is slightly lower than the
evolution corrections found in Bernardi et al. (2003) and
Saulder et al. (2013). We argue that this might be due to
the fact that we only focused on the brightest galaxies of
our sample. However, this is well motivated since these are
the only galaxies that we are able to detected at higher red-
shifts, where the evolution correction becomes increasingly
important.
We also corrected the sizes and velocity dispersions for
evolutionary effects. To this end, we used the corrections
provided by Beifiori et al. (2014).
rcor = rsdss
(
1 + zgroup
)−β
(16)
σcor = σsdss
(
1 + zgroup
)−γ
(17)
The corrected sizes rcor and velocity dispersions σcor
are rescaled from the observed parameters directly from the
SDSS pipeline rsdss and σsdss. We took the values of the scal-
ing coefficients β and γ directly from Beifiori et al. (2014),
which were −0.49 ± 0.26 and 0.12 ± 0.02 respectively.
rcirc = rcor
√
qb/a (18)
Following Bernardi et al. (2003), we circularized the evolu-
tion corrected angular radius rcor using the minor semi-axis
to major semi-axis ratio qb/a to obtain the circularized radii
rcirc, which is more reliable quantity to compare galaxies of
different shapes.
Because SDSS/BOSS uses fixed size fibres, we had to
correct for the fact that at different distances different frac-
tions of the galaxies are covered by that fibre. Based on the
work of Jorgensen et al. (1995) and Wegner et al. (1999), we
used the following equation:
σ0 = σcor ·
(
rfiber
rcirc/8
)0.04
(19)
The radius rfiber of the SDSS fibres used to be 1.5 arc-
seconds, but with the upgrade (Ahn et al. 2012) done for
BOSS, new smaller fibres were installed. These fibres only
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have a radius of 1 arcsecond. SDSS marks whether a spec-
troscopic measurement was obtained using the SDSS fibres
or the BOSS fibres. σ0 denotes the corrected central veloc-
ity dispersion, while σcor denotes the evolution corrected
central velocity dispersion. We also tested the slightly mod-
ified version of Equation 19 form Cappellari et al. (2006)
and found that the velocity dispersions obtained from their
method yields a marginally higher scatter for the fundamen-
tal plane.
Re = DA(zgroup) · tan (rcirc) (20)
Using basic trigonometry, one can calculate the physical
radii Re of galaxies using their angular diameter distances
DA (derived using the median group redshifts zgroup) and
circularized radii rcirc. When we refer to redshift-based dis-
tances throughout this paper, we mean distances derived
using the redshift-distance relation with the assumed cos-
mology of this paper and the median group redshifts.
µe = mapp + 2.5 · log10
(
2pi · r2circ
)
− 10 · log10
(
1 + zgroup
)
(21)
When calculating the surface brightness µe, one has
to include a correction for the cosmological dimming of
surface brightnesses, which is proportional to (1 + z)4
in any Friedmann-Lemaˆıtre-Robertson-Walker metric-based
universe (Tolman 1930; Hubble & Tolman 1935; Sandage &
Perelmuter 1990a,b, 1991; Pahre et al. 1996).
Before we could fit any fundamental plane, we should
further clean our sample, because we had some additional
parameters to work with after doing the basic calibrations.
We keep only galaxies that fulfil a set of criteria and cuts
listed in Appendix A3.
For technical reasons, we had to merge the stellar
masses provided directly by the SDSS database with the
updated dataset6 for galaxies observed with the new BOSS
fibres. For a few (∼ 2000) galaxies of our initial sample of
early-type galaxies, stellar masses were not provided and
these galaxies were also removed from the sample.
Additionally, we iteratively removed all 5-σ outliers of
the two main fundamental plane calibrations presented in
this paper (see the next three subsections). To this end, we
used a Levenberg-Marquardt algorithm and least squares
using a 5-σ clipping as implemented in astropy (Astropy
Collaboration et al. 2013; Price-Whelan et al. 2018).
After applying all these filters, we ended up with the
final sample of 317 285 early-type galaxies used for all our
fundamental plane calibrations. The main contributions to
our early-type galaxy sample are the SDSS main galaxy sam-
ple with 181 719 galaxies, the BOSS low-z sample with 71
311 galaxies, and the SDSS LRG sample with 60 505 galax-
ies. Additionally, there are minor contributions from other
samples obtained using the SDSS fibres (162 galaxies), the
CMASS samples (16 galaxies), and a poorly defined subsam-
ple obtained with the BOSS fibres, but no selection-flags set
(3 579 galaxies). As illustrated in Figure 4, the selection cri-
teria for most (aside from the SDSS main galaxy sample) of
the different subsample are non-trivial.
6 https://www.sdss.org/DR15/spectro/galaxy_portsmouth/
3.4 Fitting the traditional fundamental plane
Since we primarily intend to use the fundamental plane as
a distance indicator, we aimed to minimize the scatter in
the physical radii Re. This can be best achieved using a di-
rect fit (Sheth & Bernardi 2012) applied on Equation 1. By
inverting Equation 20, we could use the predicted physical
radii for given surface brightnesses and central velocity dis-
persions to derive the angular diameter distances for the
traditional fundamental plane by comparing it to the ob-
served angular radii. We used our group catalogue again on
the resulting fundamental plane distances and calculated the
median fundamental plane distance to every detected group.
Thereby, we improved the distance estimates to all groups
containing more than one early-type galaxy by taking the
average of the fundamental plane distances to all members
and thereby reducing the statistical uncertainty.
3.5 Distances corrected for systematic residuals
We intentionally did not apply a correction for various se-
lection effects (e.g. Malmquest bias, saturation bias, and
colour-cuts). We attempted to consider these effects using
the method of volume-weights (Sheth & Bernardi 2012;
Saulder et al. 2013), but due to various sub-samples of
SDSS/BOSS contributing to our sample and their sometimes
difficult to reproduces selection criteria and affected cross-
correlations with the main parameters of the fundamental
plane, we were not able to get useful results. Hence, we con-
sidered the methods used in 6dFGSv (Magoulas et al. 2012;
Howlett et al. 2017; Qin et al. 2018). While a fully Bayesian
approach to correct for the biases after the traditional funda-
mental plane calibrations would run into the same problems
as the volume-weights due to insufficiently well-defined se-
lection criteria of several subsamples, we settled for a slightly
simpler but effective model inspired by that method.
The distances obtained using the traditional fundamen-
tal plane following the method of the previous section are
systematically biased due to various selection effects (illus-
trated in Figure 5 for the strong dependence on the ab-
solute magnitude of the fundamental plane residuals). To
correct for this, we measured the average systematic offsets
in the apparent magnitude-redshift plane within bins (see
Figure 6). We choose this parametrization, because some
of the selection effects create relatively clear cuts. We de-
signed the bins to be one magnitude times 0.04 in redshift
wide. We sampled at twice the resolution of the bins sizes,
so that the data in each bin is partially shared with its
neighbours. We then fit a fourth-order (second-order has no-
table problems for the faintest and brightest galaxies, third-
order was off-set in the centre) two-dimensional polynomial
to these bins and used it to obtained the correction function:
fcor
(
mapp,cor, zgroup
)
.
log10
(
Re,cor
)
= a·log10 (σ0)+b·µe+c·+ fcor
(
mapp,cor, zgroup
)
.
(22)
Using the correction function to obtain corrected sizes Re,cor
for the fundamental plane galaxies and using them in turn
to calculate distances, we were able to largely remove lumi-
nosity and redshift dependent biases and selection effects.
As illustrated in Figure 6, our correction function can re-
produce the mean residuals in the bin very well within the
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Figure 5. Ratio between the fundamental plane distance and redshift-based distance as a function of the absolute magnitude in the z
band. Left panel: traditional fundamental plane distances without any corrections; right panel: fundamental plane distances corrected
for selection effects.
Figure 6. Effective correction of systematic residuals. Left panel: mean systematic residuals in each bin; right panel: fitted polynomial
to correct for these systematic residuals. Red-white-blue colours: values of the residuals within the bin/at the point of the correction
function; light green contour: distribution of the early-type galaxy sample; dark green contour: distribution of the most dense part of the
early-type galaxy sample.
range of our galaxy sample. Beyond the range of our sample
of early-type galaxies, the function is barely constraint, but
also irrelevant for our analysis.
3.6 The expanded fundamental plane
The simplest way to reduce scatter in a relation is by adding
additional terms (and thereby also free parameters) to ac-
count for previously unconsidered correlations.
log10 (Re) = aexp · log10 (σ0)+bexp ·µe+dexp · log10 (M∗)+cexp.
(23)
To distinguish the coefficients of the expanded fundamental
plane from the coefficients of the traditional fundamental
plane, we added the index exp to the coefficients in Equa-
tion 23. When testing for systematic biases and studying the
residuals of the fundamental plane, we found that for our
specific SDSS-based sample that the single best expansions
of the fundamental plane is the stellar mass M∗ obtained by
the Wisconsin method (Chen et al. 2012) using Maraston
models (Maraston & Stro¨mba¨ck 2011). We also tested other
stellar mass estimates provided by SDSS such as the one
based on Maraston et al. (2009), but found that the Wis-
consin method yielded the best results for our applications.
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Figure 7. Richness of the detected groups as a function of the
redshift. Groups with more than 100 members are mapped to 100
to keep this figure compact.
4 RESULTS
4.1 Group catalogue
We used 1 473 971 galaxies from SDSS (Aguado et al. 2018)
and 6 629 galaxies from 2MRS (Huchra et al. 2012) to create
a group catalogue out to as far as a redshift of 0.5 while cov-
ering the 9 376 square degree footprint of the SDSS spectro-
scopic sample. The group catalogue was constructed using
a Friends-of-Friends algorithm, for which we calibrated the
linking length based on mock catalogues derived from the
WMAP7 re-run of the Millennium simulation (Guo et al.
2013) and the selection criteria for the various samples that
compose SDSS/BOSS and 2MRS, taking into account all sig-
nificant biases. However, the direct implementation of the
selection criteria yielded a far too low galaxy density (see
Figure 2), which required us to fine-tune the sample selec-
tion for the mock catalogues. The colour cuts of the LRG,
BOSS low-z and CMASS sample are especially sensitive to
small systematic offsets between the semi-analytic galaxy
models of Guo et al. (2011) and observations. The inclusion
of 2MRS partially compensated the saturation bias of the
SDSS spectroscopic sample by supplying redshifts to nearby
bright galaxies. It assures that the brightest group galaxies
are included, making sure the group centre is found correctly.
With our optimized FoF group finder algorithm, we de-
tected 165 132 groups and 997 161 individual galaxies within
our SDSS/BOSS/2MRS dataset consisting of 1 480 600 ob-
jects. This does not necessarily mean that all the individual
galaxies that are not members of detected groups are iso-
lated galaxies, but that due to Malmquist bias and other
selection effects, we often only detected the brightest galaxy
in many of these groups. We find 3 467 groups with ten
or more members and 25 groups even contain more than a
hundred galaxies. Naturally, the (apparently) richest groups
are at lower redshifts (see Figure 7), which is expected since
there the sample is the most complete, because it was de-
rived from primarily magnitude-limited surveys. The major-
ity of the saturation bias of SDSS was successfully corrected
by the inclusion of 2MRS data. Overall, the group catalogue
shows the expected properties, given the dataset used to cre-
ate it. The complete group catalogue can be found in Tables
B1 and B2.
The primary application of the group catalogue in this
paper was to collapse the huge redshift space distortions
(Finger of God effect) caused by the proper motions of galax-
ies in clusters and to be able to derive more accurate funda-
mental plane distances for rich clusters by combining the dis-
tances derived for different individual galaxies in said clus-
ters. To be more specific, of our 318 149 early-type galaxies,
182 057 are individual galaxies and the remainder is located
75 822 different groups. Within these groups, 43 851 only
contain one early-type galaxy for which we have fundamen-
tal plane distances. This leaves 31 971 groups hosting at least
two early-type galaxies and 4 864 groups contain four or
more early-type galaxies, which means that we could reduce
the error of the distance measurements by about a factor
of two. By combining the redshift measurments of several
cluster members, we were able to largely remove the scat-
ter introduced by the virial motions in said clusters. Addi-
tionally, the combination of independent fundamental plane
distance measurments to several early-type galaxies within
these clusters, we were also able to reduce the scatter on the
distance measurements, save for residual systematic uncer-
tainties. 582 groups even host at least ten early-type galaxies
resulting in even better distance estimates for them. Further-
more, the group catalogue allowed for a comparison of our
results with Tully-Fisher relation distances and the distance
from the CosmicFlows-3 sample.
With our catalogue, we reached beyond the group cat-
alogue of Yang et al. (2007), which was limited by the SDSS
DR7 spectroscopic sample and did not provide any groups
at very low redshifts (z < 0.05). The RedMapper catalogue
(Rykoff et al. 2014) also excluded galaxies below a redshift of
0.08, but it has a bigger sample, since it also contains galax-
ies with only photometric redshifts. However, for the com-
parison with the Tully-Fisher relation and the CosmicFlows-
3 dataset, nearby clusters are crucial, hence we could not just
use the RedMapper catalog. We also moved beyond the lim-
ited depth (z < 0.1) of the Saulder et al. (2016) catalogue,
which is completed at the low redshift range. Thereby, our
improved group catalogue presented in this paper provides
the ideal properties for our application to improve the fun-
damental plane distance measurements and compare them
to other distance indicators.
4.2 Traditional fundamental plane
We fitted the traditional fundamental plane using Equation
1 to our sample of 317 285 early-type galaxies. Thereby,
we obtained the coefficients and root-mean square listed in
Table 1. The fit is illustrated in Figure 8. The complete
catalogue of fundamental plane distances derived using this
method can be found in Table B3. These calibrations were
not corrected for any biases and selection effects yet, be-
cause of the various overlapping sample these effects and
cross-correlations arising from them are extremely difficult
to estimate. Hence, the hereby obtained coefficients are only
to be used for the same SDSS/BOSS dataset, and not for
any other galaxies without additional corrections. We dis-
cuss an effective correction for the distances obtained using
these calibrations in the next section.
The root-mean square of the fundamental plane is
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band a b c rms
g 0.889 ± 0.002 0.2772 ± 0.0002 -7.129 ± 0.006 0.0908
r 0.958 ± 0.001 0.2896 ± 0.0002 -7.311 ± 0.006 0.0871
i 0.986 ± 0.001 0.2944 ± 0.0002 -7.355 ± 0.005 0.0850
z 1.004 ± 0.001 0.2979 ± 0.0002 -7.371 ± 0.005 0.0833
Table 1. Coefficients of the traditional fundamental plane optimized for usage as a distance indicator for our SDSS/BOSS sample.
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Figure 8. The traditional fundamental plane in z band, projected
edge-on.
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Figure 9. Traditional fundamental plane distance compared to
the redshift based distances, which were used for calibration.
smaller in the redder filters. Hence, we use the z band for
our distance measurements. In Saulder et al. (2013), it was
shown that a combination of traditional fundamental plane
distances from different filters would not improve the dis-
tance estimate beyond what one can reach in the band with
the smallest root-mean square due to tight correlations of
the fundamental plane parameters in between the differ-
ent bands. We repeated this test with our data and could
confirm their results. We find that the relative scatter of
the traditional fundamental plane seems to slightly decrease
(stays constant for absolute values after rising with distance
at lower redshifts) for higher redshift galaxies, as illustrated
in Figure 9. In the z band, we found a mean relative distance
uncertainty of the fundamental plane of 18.4% when com-
bining it with our group catalogue. The distance uncertainty
without the group catalogue lies at 20.2%, which nicely il-
lustrates the improvement achieved by combining the fun-
damental plane distances with our group catalogue. About
0.3 percentage points of this uncertainty can be attributed
to systematic redshift bias, because of the hidden redshift
dependences in the evolution corrections as well as the cor-
rection for the Tolman effect. When studying the residuals
of the fundamental plane, we found a notable dependence on
the galaxies’ absolute magnitudes (see Figure 5). Distances
to the intrinsically fainter early-type galaxies are system-
atically overestimated by almost a factor of two, and dis-
tances to the intrinsically brightest early-type galaxies are
systematically underestimated. Considering the saturation
bias of some of the SDSS spectroscopic sample as well as
the Malmquist bias of the magnitude limited parts of the
survey, this causes a systematic overestimation of the dis-
tances to the most nearby objects and an underestimations
of the distances to the farthest galaxies. A closer investiga-
tion of the biases and selection effects lead us directly to the
effective model discussed in the next section as well as to
the expanded fundamental plane.
4.3 Distances corrected for systematic residuals
The dominant bias of affecting the distances obtained us-
ing the tradition fundamental plane correlates with the
absolute magnitude of the respective galaxies (see Figure
5). Since these absolute magnitudes were calculated us-
ing the redshift-based distances, we could not directly use
them to remove the residuals created by them. In fact,
the selection effects and cut-offs are best constraint in the
redshift-apparent magnitude plane. Therefore, by applying
the method described in Section 3.5, we mapped the average
residuals in this plane within bins and fitted a polynomial
to obtain a correction function (see Figure 6). The correc-
tion function is well constraint with the range of our sample,
which was sufficient for our applications. Using Equation 22,
we adjusted the predicted radii of the early-type galaxies for
these systematic residuals.
We used these corrected radii to obtain distances (see
Figure 10) to the early-type galaxies in our sample, which
are provided in Table B4. Aside from removing systematic
effects created by the various selection criteria, this method
also reduces the overall scatter of the fundamental plane dis-
tances to 15.9% without and 14.5% with the group catalogue.
Since the correction function by its very definition is redshift
dependent, one might suspect that the redshift-dependent
systematics might increase, but they actually slightly de-
crease to 0.2 percentage points of the scatter.
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Figure 10. Corrected fundamental plane distance compared to
the redshift-based distances.
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Figure 11. Dependence of the residuals of the traditional fun-
damental plane on the stellar mass based on SDSS data (blueish
cloud) and MaNGA data (tiny red stars).
4.4 The expanded fundamental plane
Here, we present the results of our calibration of the ex-
panded fundamental plane, which was explained in Section
3.6. We start by examining the short-comings of the tra-
ditional fundamental plane, which motivated us to proceed
with this alternative calibration.
The residuals of the traditional fundamental plane are
strongly correlated with the estimated stellar masses of the
galaxies (see Figure 11). Despite the notable scatter of the
stellar masses of the spectro-photometric Wisconsin method
(Chen et al. 2012) using Maraston models (Maraston &
Stro¨mba¨ck 2011), one can clearly see a systematic effect.
It becomes more striking, when one uses the higher quality
stellar masses for MaNGA galaxies (Graham et al. 2018). As
already illustrated in Figure 5, the residuals also correlated
with the absolute magnitudes, which is expected, since the
stellar mass and the (redder) absolute magnitudes also cor-
relate with each other. The simplest way to incorporate this
in the fundamental plane calibrations is by expanding with
a term proportional to the logarithm of the stellar mass.
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Figure 12. The expanded fundamental plane in z band, projected
edge-on.
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Figure 13. Expanded fundamental plane distance compared to
the redshift based distances, which were used for calibration.
By fitting Equation 23 to the data, we obtained the
values listed Table 2 for the coefficients of the expanded
fundamental plane. As illustrated in Figure 12, this fit is no-
tably tighter than for the traditional fundamental plane (see
Figure 8) and it reduced the uncertainty of the individual
fundamental plane distances to 9.6% and to 9.0% when also
applying the group catalogue to further reduce the scatter.
This is a significant improvement in the distance estimates
(see Figure 13). However an explicit systematic redshift de-
pendence gets more complex. In contrast to the redshift de-
pendent systematics of the traditional fundamental plane,
the magnitude of the systematics for the expanded funda-
mental plane correlates with the redshift itself as well. In
the case of nearby galaxies (redshifts below 0.03), we have a
contribution of 1.7% redshift dependent systematic bias. It
continuously shrinks to almost zero (0.07 %) for redshifts of
0.2 and higher. On average for the entire sample, we find a
contribution to the overall scatter due to systematic redshift
bias is with 0.4 percentage points of the same magnitude
as the traditional fundamental plane. This systematic bias
arose from a combination of the redshift dependence of the
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band aexp bexp dexp cexp rms
g -0.121 ± 0.001 0.1929 ± 0.0001 0.4100 ± 0.0004 -7.628 ± 0.003 0.0454
r -0.043 ± 0.001 0.1971 ± 0.0001 0.4022 ± 0.0004 -7.657 ± 0.003 0.0424
i -0.002 ± 0.001 0.2023 ± 0.0001 0.3930 ± 0.0004 -7.681 ± 0.003 0.0404
z 0.022 ± 0.001 0.2064 ± 0.0001 0.3840 ± 0.0004 -7.660 ± 0.003 0.0403
Table 2. Coefficients of the expanded fundamental plane optimized for usage as a distance indicator for our SDSS/BOSS sample.
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Figure 14. Comparison between Tully-Fisher relation distances
and various fundamental plane and redshift-based distances. Er-
ror bars were omitted in this figure to avoid overcrowding, but
they were of about the same size as in Figure 15.
evolution correction, the correction for the Tolman effect,
and the additional systematics caused by the use of the stel-
lar masses. We provide a complete catalogue of expanded
fundamental distances derived using this method in Table
B5.
4.5 Comparison with Tully-Fisher relation data
We cross-matched galaxies with known Tully-Fisher relation
distances within the NASA/IPAC Extragalactic Database
with our group catalogue and found 4 481 objects. To be
more precise, we found 20 900 Tully-Fisher relation based
distance measurements for 4 481 unique galaxies. As a con-
sistency check, we compared the Tully-Fisher distances to
the redshift-based distances and found an overall scatter of
27.6% (and 23.5% for groups) hosting them, which is about
the magnitude expected for it, considering the database con-
tains distances from various sources. Since the Tully-Fisher
relation only works for late-type galaxies and the fundamen-
tal plane only works for early-type galaxies, we do not have
a direct overlap between the distance indicators. Hence we
had to take advantage of our group catalogue. We selected
every cluster that had at least one galaxy with Tully-Fisher
relation distances and at least one galaxy with fundamental
plane distances. 539 groups in our dataset fulfilled this re-
quirement. Also illustrated in Figure 14, we find poor agree-
ment with the traditional fundamental plane (41.7% error
on average), which is mostly because the traditional fun-
damental plane tends to overestimate distances due to the
saturation bias of SDSS the parameters being optimized for
the bright galaxies due to our sample selection. The bright-
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Figure 15. Comparison between Tully-Fisher relation distances
and various fundamental plane and redshift-based distances for
groups that host at least three late-type and at least three early-
type galaxies.
est galaxies are missing in the overlapping region between
our fundamental plane distances and the Tully-Fisher rela-
tion distances. After correcting for the systematic biases of
the traditional fundamental plane, we still found a sizeable
scatter of 37.0% when comparing them to Tully-Fisher re-
lation data. With our expanded fundamental plane, which
also considers the stellar masses of the galaxies, we obtained
a 31.3% scatter between the Tully-Fisher relation distances
and the distances derived from the expanded fundamental
plane. These values are marginally better than the scatter
between the redshift-based distances and the Tully-Fisher
relation distances of 29.4%. This subsample is still plagued
by occasional interlopers due to imperfections of the group
catalogue.
When looking at richer groups, that contain at least
three galaxies for which we have Tully-Fisher relation dis-
tances in our database and at least three galaxies for which
we derived fundamental plane distances, we found even
stronger correlations for the 45 groups that fulfil these cri-
teria (see Figure 15). Thereby, we reduced the impact of
interlopers and imperfections of our group catalogue as well
as increased the statistical quality of the distance estimate to
each cluster for all methods. To be more precise, the scatter
between the redshift-based distances and the Tully-Fisher
relation distances is 7.5%, while the scatter between the tra-
ditional fundamental plane and the Tully-Fisher relation dis-
tances is 18.7%. Interestingly, the scatter for the corrected
fundamental plane is with 17.0% only marginally lower, but
it visibly reduced the systematic offset present in the tra-
ditional fundamental plane (see Figure 15). The expanded
fundamental plane yields a scatter of 10.8%, when compared
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Figure 16. Comparison between CosmicFlows-3 distances and
various fundamental plane and redshift-based distances. Error
bars were omitted in this figure to avoid overcrowding, but they
were of about the same size as in Figure 17.
to the Tully-Fisher relation for the richer groups sample, and
thereby also provides the best agreement between the two
methods.
4.6 Comparison with CosmicFlows-3 data
The CosmicFlows (Tully et al. 2016) projects collects dis-
tances from a multitude of different methods to model the
matter distribution in the local universe and the peculiar
motion field. We matched the 17 669 CosmicFlows-3 galax-
ies to our group catalogue and excluded all galaxies in the
CosmicFlows sample for which the distances were only ob-
tained using the traditional fundamental plane (marked with
P or F in their catalogue). We found 2 955 galaxies fulfilling
these requirements. When comparing these distances pro-
vided by CosmicFlows-3, after rescaling to the cosmology
used in our paper, to redshift-based distances for the same
galaxies, we found a scatter of about 27.5% (and 24.9% for
groups). We further restricted our sample in the same way
as in the previous section by selecting only groups that have
at least one galaxy for which we have fundamental plane
distances, and one galaxy for which we have an alterna-
tive distance estimator. This left us with 339 groups (see
Figure 16), that yielded correlations similar to our previous
findings. The redshifts agree with a scatter of 19.7% to the
CosmicFlows distances. The traditional fundamental plane
exhibits the same bias as before and we obtained a scatter
of 36.9%, when comparing it to the CosmicFlows distances,
again due to the same systematics already discussed with
the Tully-Fisher relation distances. After correcting for the
dominant systematics in the residuals of the fundamental
plane, we got a scatter of 31.7% between the corrected fun-
damental plane distances and the CosmicFlows distances.
Expanded fundamental plane yields a scatter of 23.5% when
compared to the CosmicFlows distances.
We refined our sample by restricting it to rich groups
that have at least three galaxies for which we have obtained
fundamental plane distances and also at least three galaxies
for which we have alternative distance measurements from
CosmicFlows-3. Thereby, we found 29 groups. The scatter
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Figure 17. Comparison between CosmicFlows-3 distances and
various fundamental plane and redshift-based distances for groups
that host at least three galaxies with fundamental plane distances
and at least three galaxies with complementary distance measure-
ments.
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Figure 18. Comparison between Supernova Type Ia distance and
various fundamental plane and redshift-based distances.
between the redshift-based distances and the CosmicFlows
distances was found to be 12.7% for this subsample. The tra-
ditional fundamental plane clearly (see Figure 17) exhibits
the same systematic offset as in the case of the Tully-Fisher
distances and yields a scatter of 27.3% compared to the Cos-
micFlows distances. Again the corrected fundamental plane
produces a slightly lower scatter of 26.7% and the expanded
fundamental plane a notably lower scatter of 18.8%.
4.7 Comparison with Supernova Type Ia data
We took the catalogue of Supernova Type Ia distances7 from
Betoule et al. (2014) and cross-matched it with our cat-
alogue of various fundamental plane distances. We found
that 33 of our early-type galaxies hosted Supernovae Type
7 They were derived from the distance moduli listed in the cited
catalogue following the procedure explained in their paper.
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Ia from that catalogue. Again the traditional fundamental
plane performs poorly in comparison to the Supernova Type
Ia distance and we found a scatter of 27.8% (see Figure 18).
The corrected fundamental plane distances have a scatter of
25.0%, when compared to the Supernova Type Ia distances.
The expanded fundamental plane yields with a scatter of
21.0% compared to the Supernova Type Ia distances.
5 DISCUSSION
It can be difficult to tell, which is the optimal way to imple-
ment the fundamental plane as distance indicator. Several
issues arise from the fact the SDSS spectroscopic sample is a
mostly magnitude-limited, but not completely due to some
colour-selected subsamples, as well as suffering from a sat-
uration bias. Hidden and explicit redshift-dependences are
problems, when one intends to use the fundamental plane
as a redshift-independent distance indicator. By examining
the advantages and disadvantages of the various fundamen-
tal plane calibrations and definitions, which we provided in
the previous section, we want to illustrate which calibration
is best-suited for which application.
5.1 Sample selection and basic methods
One of the main goals of this paper is to maximize the sam-
ple size of galaxies with fundamental plane galaxies. To this
end, we had to move beyond our previous selection criteria
(Saulder et al. 2013, 2015), which were dominated by the
limitations of GalaxyZoo (Lintott et al. 2008, 2011). The
citizen science project GalaxyZoo only provided visual mor-
phological classifications for the galaxies covered by SDSS
DR7 (Abazajian et al. 2009). Alternative approaches pro-
viding morphological classifications using machine-learning
(Domı´nguez Sa´nchez et al. 2018) were also limited by their
restricted sample selection (again SDSS DR7). While there
are advantages in the more clearly definied such as SDSS
DR7, it excludes valuable galaxies even many at the lower
redshift range. As illustrated in Figure 4, we used a com-
posite SDSS/BOSS sample based on its latest data release
(Aguado et al. 2018). Our selection criteria (see Appendix
A2) did not restrict our sample to any specific subset of
SDSS/BOSS. Which means that if there is sufficient qual-
ity data for a galaxy in SDSS, it was used in our sample.
If we had restricted ourselves to SDSS DR7, we would have
missed out on 72 262 galaxies, which is a significant fraction
of our dataset. The size of our sample beyond SDSS DR7
was also the reason, why we only used the data from Simard
et al. (2011) and Mendel et al. (2014) only for additional
tests and we could not take advantage of the data of Meert
et al. (2015) and Meert et al. (2016). Our quality selection
criteria ensured that our sample became increasingly sparse
at higher redshifts and thereby avoiding problematic galax-
ies and uncertain parameter estimates. We barely had any
CMASS galaxies in our sample of early-type galaxies and
thereby avoided most of the problems described in Bernardi
et al. (2011) and Montero-Dorta et al. (2016).
We used the de Vaucouleurs magnitudes and sizes from
SDSS, because we found in Saulder et al. (2013) that they
yield the best fitting values for the fundamental plane. The
composite model and Petrosian magnitudes and sizes per-
formed worse and in the Appendix of Saulder et al. (2015),
we also showed weaker fits for the Sersic models of Simard
et al. (2011). In contrast to this, Bernardi et al. (2017a)
and Bernardi et al. (2017b) found notable deficiencies in
the profile fits provided by SDSS, especially at their outer
edges. However the alternative catalogues provided by them
are limited to the SDSS DR7 spectroscopic sample, which
cause the same problems as the other catalogues mentioned
earlier. We also tested various stellar mass models provided
by the SDSS database. We found that stellar masses of the
Wisconsin method (Chen et al. 2012) using Maraston models
(Maraston & Stro¨mba¨ck 2011) works best for the expanded
fundamental plane calibrations. Alternatively, we used the
passive port of the stellar mass models of Maraston et al.
(2009), which yielded a expanded fundamental plane with a
larger scatter than the one provided in Section 4.4. With the
stellar masses of Maraston et al. (2009), we found some very
interesting relations for an alternative distance calibration
briefly explained in Appendix C. This relation was tentative
at best and did not reappear with the stellar masses of the
Wisconsin method.
5.2 Traditional fundamental plane
The traditional fundamental plane has been used for about
three decades and during this time various approaches, on
how to calibrate it and apply it, have been developed. Since
in this paper, we primarily view the fundamental plane as a
distance indicator, we restrict ourselves to direct fits, which
according to the very detailed work of Sheth & Bernardi
(2012), yield the most-suitable coefficients for our applica-
tions. The selection effects due to the survey design were
another issue. The common way to address it is to derive un-
biased fundamental plane coefficients using volume-weights.
However, given the combination of colour cuts and magni-
tude limits make this approach unfeasible. Hence, as illus-
trated in Figure 5, our sample is clearly biased. Our sample
contains a disproportionally large number of bright galax-
ies. Since the traditional fundamental plane residuals have a
strong dependence on the stellar mass, and thereby the lu-
minosity, we would underestimate distances for bright (and
thereby on average further away) galaxies. Hence, we did
not use such bias corrections for our calibrations, because
we wanted to gain the best-suited coefficients for our biased
galaxy sample that yields the smallest error in terms of dis-
tance measurement for said sample.
One of our goals for this paper is to provide the largest
possible sample of fundamental plane distances that one can
obtained from the latest data release of SDSS. To this end,
we slightly relaxed the selection criteria for what qualifies
as an early-type galaxy in some aspects (but also tightened
them up in other aspects) compared to previous work (Saul-
der et al. 2013, 2015, 2016). The most notable difference was
dropping the GalaxyZoo (Lintott et al. 2008) classifications
in favour of a more reproducible method using colours and
profile fits. Thereby, we were also able to move beyond SDSS
DR7 (Abazajian et al. 2009), the basis of GalaxyZoo, and
include significantly more galaxies than in previous calibra-
tions (Saulder et al. 2013, 2015). We could identify 334 388
early-type galaxies with our method and while calibrating
the fundamental plane, we excluded notable outliers, mildly
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distance indicator Derr,ind Derr,group Derr,sys range Derr,sys ∆TF,all ∆TF,rich ∆CF3,all ∆CF3,rich ∆SN Ia
traditional FP 20.2% 18.4% 0.3% ∼ 0.3% 41.7% 18.7% 36.9% 27.3% 27.8%
corrected FP 15.9% 14.5% 0.2% ∼ 0.2% 37.0% 17.0% 31.7% 26.7% 25.0%
expanded FP 9.6% 9.0% 1.1% 2.0 - 0.1 % 31.3% 10.8% 23.5% 18.8% 21.0%
redshifts - - - - 29.4% 7.5% 19.7% 12.7% 8.2%
Table 3. Summary of the different methods to obtain fundamental plane distances presented in this paper as well as redshift-based
distances for comparison. First column: name of the method; second column: overall average error in the distance estimate for individual
galaxies; third column: overall average error in the distance estimate for galaxy groups; forth column: average systematic redshift-
dependent error of the distance estimate; fifth column: range of the systematic redshift-dependent error of the distance estimate due
to redshift-space distortions; sixth column: scatter between the respective distance indicator and the Tully-Fisher relation distances
using the complete overlapping sample; seventh column: scatter between the respective distance indicator and the Tully-Fisher relation
distances using only rich clusters in the overlapping sample; eighth column: scatter between the respective distance indicator and the
CosmicFlows-3 distances using the complete overlapping sample; ninth column: scatter between the respective distance indicator and
the CosmicFlows-3 distances using only rich clusters in the overlapping sample; tenth column: scatter between the respective distance
indicator and Supernova Type-Ia distances.
reducing our sample to 317 285 for which we were able to
derive fundamental plane distances. D’Onofrio et al. (2008);
Nigoche-Netro et al. (2009) have already shown that funda-
mental plane varies for different luminosity and velocity dis-
persion ranges. When varying our selection criteria slightly
for the luminosity (absolute magnitude) and central veloc-
ity dispersion ranges, we found that galaxies with very low
central velocity dispersions have the most impact on the
quality of our calibrations. However, a cut in this parame-
ter also affects the sample size, which we want to keep as
large as reasonably possible. Therefore, we compromise for
an uncorrected velocity dispersion limit of 100 km/s, which
was previously used in Saulder et al. (2015), and this only
reduced the sample size by about 10 000 galaxies, while de-
creasing the distance uncertainty by 0.4 percentage points.
This was a reasonable trade-off in our opinion.
An additional improvement of the fundamental plane
calibrations was achieved by our group catalogue. It allowed
us to correct for the redshift space distortion caused by the
peculiar motions of galaxies in clusters. This worked in two
ways. First, it help with the calibration of the fundamental
plane (or actually fundamental planes, since we also used
the same method for the stellar mass fundamental plane),
because we used the median group redshift instead of the
individual redshifts of the galaxies, when we derived the
fundamental plane parameters8. Additionally, we used it to
reduce the distance uncertainties to groups that hosted more
than one early-type galaxy for which we were able to derive
a fundamental plane distance. By taking the median of the
fundamental plane distance of the different early-type galax-
ies, we could improve the distance estimate to these groups
and clusters significantly. Using the median instead of the
mean has the advantage that it is less sensitive towards in-
terlopers that plague all FoF-based group catalogues. The
group catalogue will also help us in our future research, when
we will take a quality selected subsample from our distance
catalogue to study peculiar motions.
The magnitudes used for the traditional fundamental
plane were corrected for evolutionary effects using Equa-
tion 15, which based on the established method by Bernardi
et al. (2003). Assuming a constant number density of the
8 The magnitudes used to the derive the surface brightnesses were
evolution corrected. Also the estimated distances to get Re for the
calibration made use of the group redshifts.
brightest galaxies, we derived a Q parameter of 0.71 mag/z,
which is slightly lower than previous estimates (Bernardi
et al. 2003; Saulder et al. 2013) using different methods.
We argue that adjusting the evolution effects for the bright-
est galaxies is sufficient for our application, because at the
higher redshifts, when evolution becomes the most relevant,
those galaxies are the only ones still detected within the
sample. However, evolution corrections have an explicit red-
shift dependence, which creates a small systematic bias. Fur-
thermore, the surface brightnesses used for the fundamental
plane have to be corrected for Tolman effect, which dims
surface brightnesses as a function of the cosmological red-
shift (hence distance). Although the K-corrections are, by
their very nature, also redshift-dependent, this is not an is-
sue for them. The K-correction only corrects the shift in
the spectral energy distribution, which depends on the ob-
served redshift (caused by peculiar motions and the Hubble
expansion). Therefore, there is no implicit pure distance de-
pendence on this correction (it does not matter what caused
the redshift). In contrast to this, the evolution correction
as well as the correction for the Tolman effect depend ex-
plicitly on the cosmological redshift which correlates with
the distance. However, one cannot measure the cosmologi-
cal redshift directly, because in practice, the observed red-
shift is the sum of the cosmological redshift and the red-
shift caused by peculiar motions. In order to estimate the
systematic effect, we introduced a Gaussian scatter of the
same magnitude as the average 1-dimensional peculiar ve-
locities of the groups (∼ 340 km/s) with the help of our
mock catalogues. By comparing the distances obtained from
the perturbed and unperturbed data, we found a systematic
bias of 0.3% on the distance estimates caused by the hidden
redshift-dependences and redshift-space distortions.
We tested the dependences of the residuals of the tradi-
tional fundamental plane on several parameters. We focussed
on parameters that are (mostly) independent of the param-
eters of the traditional fundamental plane. Using the data of
Simard et al. (2011), we could not find any dependence on
the Sersic parameter for our sample of early-type galaxies.
There is a clear dependence on the number of (early-type)
galaxies per group, which will be discussed in the section in
more detail. Also the the dependence on the stellar masses
(Maraston & Stro¨mba¨ck 2011; Chen et al. 2012) will be dis-
cussed along with the expanded fundamental plane. Using
the data from MaNGA (Bundy et al. 2015), we were able
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also test the dependence on the λR parameter, which ac-
cording to (Graham et al. 2018) correlates with the stellar
mass. However using the same data, we could not find any
notable dependence between the λR parameter (Emsellem
et al. 2007) and the residuals of the traditional fundamental
plane. We did not find any correlation for the residuals and
galaxy colours or axis-ratios.
5.3 Corrected fundamental plane
To account for the systematic biases of the traditional fun-
damental plane, we measured the mean residuals in bins in
redshift-magnitude space. By adding a fitting function based
on the residuals to the fundamental plane, we were not only
able to remove the most dominant systematic bias, but also
notably reduced the scatter. This correction also removed
the systematic offset of nearby galaxies in rich clusters seen
in Figures 15 and 17. We illustrated in Figure 19 that it the
systematic bias that correlates with the richness (in early-
type) galaxies of the groups/clusters is visibly reduced. Fur-
thermore, there is no systematic offset of the residuals of
corrected fundamental plane for nearby clusters in contrast
to the traditional fundamental plane.
Aside from removing notable systematics, the over-
all scatter of the corrected fundamental plane is reduced
to 14.5%. Despite our correction function being redshift-
dependent, the overall redshift-dependent systematics due
to redshift-space distortions are with just 0.2% compara-
ble to the ones from the traditional fundamental plane. The
correction function, which we used is just a simple and ef-
fective model, that is best suited for our large and complex
sample of early-type galaxies. There is some room for fur-
ther improvement to get possibly better distances using a
fully Bayesian model similar to Howlett et al. (2017) and
Qin et al. (2018) to correct for systematics, but only for a
smaller and well-defined subsample. However to maximize
the galaxy sample, the corrected fundamental plane is the
best save improvement of the systematically biased tradi-
tional fundamental plane calibrations.
5.4 Expanded fundamental plane
There is a clear (absolute) luminosity dependence of the tra-
ditional fundamental plane (see Figure 5), which naturally
causes problems for magnitude-limited surveys. Also one
cannot use the absolute magnitudes obtained from redshift-
distances to improve the (redshift-independent) fundamen-
tal plane without being plagued by countless other sys-
tematic biases. Aside from using the corrected fundamen-
tal plane, we tried to address this in many different ways,
which are briefly discussed in Appendix C. The stellar mass
roughly correlates with the absolute magnitudes and it can
be estimated by fitting spectro-photometric models of the
spectral energy distribution using the method of Chen et al.
(2012) and the models of Maraston & Stro¨mba¨ck (2011) as
provided by SDSS. By using their stellar masses as an addi-
tional parameter for the fundamental plane9, we could no-
ticeably reduce the scatter of the distances obtained from
9 Strictly speaking it is not a plane any more, but a hyper-plane
then.
this relation. As illustrated in Figure 11, higher quality stel-
lar masses (Graham et al. 2018) as those derived from in-
tegral field surveys such as in this case of MaNGA (Bundy
et al. 2015), have the potential to further improve the dis-
tance estimates. We also tested other stellar mass estimates
provided by SDSS such the photometric stellar masses using
the method of Maraston et al. (2009) and Maraston et al.
(2013). We found a notably larger scatter than using these
stellar masses and the coefficients would be different. Most
notably the aexp coefficient is more important with the pho-
tometric stellar masses than with the spectro-photometric
stellar masses. This makes sense, since the central velocity
dispersion was used the calibrations using the method of
Chen et al. (2012).
For our definition of the expanded fundamental plane
(see Equation 23), we took advantage of the dominant bias
and added a term to the traditional fundamental plane for
the stellar mass dependence. This way we could remove the
some of the systematic bias at low redshift while also signifi-
cantly reducing the overall scatter of our distance estimates.
We found a scatter of 9.6% for the distances obtained from
the expanded fundamental plane, when compared to the
redshift-distance used for calibration. The average system-
atic redshift dependent bias is with 1.1% , which is notably
larger than for the traditional and corrected fundamental
plane. However, there is the hidden redshift dependence in
the stellar mass models used, which was difficult to exactly
quantify. Therefore to test its impact on the systematics,
we simply rescaled the stellar masses according to the intro-
duced redshift perturbation introduced in the previous sub-
section by considering the difference in real and derived lu-
minosity distance). Another problem is that the magnitude
of the systematic bias depends on the the redshift itself and
reaches higher values (up to 2%) for nearby galaxies. This
will have to be taken into account, when deriving peculiar
motions from these distances.
5.5 Comparison with other distance indicators
In order to test our fundamental plane distances, we com-
pared them to both redshift-based distances and other dis-
tance indicators. Since we used them for calibrations, we
have redshift-based distances to all galaxies in our sample
at our disposal. Additionally, we obtained Supernovae Type
Ia distance to a small subset of our galaxies. Furthermore, by
using our group catalogue, we were able to determine Tully-
Fisher relation distances to nearby groups hosting both
early- and late-type galaxies and used them for comparison
as well. Moreover, we took advantage of the CosmicFlows-
3 (Tully et al. 2016) sample to test our distance estimates.
The comparison with the redshift-based distances yielded
an upper-limit for the statistical error of our calibration, be-
cause the redshift-based distances are biased themselves by
the peculiar motions of the galaxy groups10. Furthermore,
the complementary distance indicators allowed us to test
the quality of our calibrations and to better check for any
10 Not individual galaxies, because we used our group catalogue
to correct for the redshift-space distortions in clusters, but might
get occasional additional bias from interlopers in return.
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Figure 19. Dependence of the fundamental plane residuals on the number of early-type galaxies per group. Left panel: residuals of
the traditional fundamental plane using the entire sample; central panel: residuals of the traditional fundamental plane only using the
galaxies with a redshift of less than 0.1; right panel: residuals of the corrected fundamental plane using the entire sample.
systematic biases (see Table 3 for a brief overview and com-
parison of our results).
It is impossible to compare Tully-Fisher relation dis-
tances and fundamental plane distances directly, because by
their very definition they target mutually exclusive types of
galaxies. However our group catalogue allowed us to com-
pare these two distance indicators for several galaxy groups
and clusters. The slight disadvantage of this method is that
group catalogues are not perfect and there might be in-
terlopers affecting the dataset. The only ways to minimize
this effect is by taking rich groups and median distances.
When just merging the Tully-Fisher relation distances ob-
tained from the NASA/IPAC Extragalactic Database with
our group catalogue and comparing them to the redshift-
based distances, we obtained an uncertainty of about 23.5%
(23.5% without the group catalogue), which is worse than
the traditional fundamental plane. Considering that the
Tully-Fisher relation distances are compiled from various
sources, both indicators can be considered to be of about
the same overall quality. However, the traditional funda-
mental plane exhibits a strong systematic bias (see Figure
14) at short distances, which becomes very apparent in this
test, because Tully-Fisher relation data only reaches out to
about 300 Mpc. This is due to the SDSS saturation bias,
which excludes the brightest galaxies from the main galaxy
sample) in the nearby universe as well as due to selection
effects introduced by the survey design. As illustrated in
Figure 5, there is a systematic bias in the traditional funda-
mental plane depending on intrinsic brightness of galaxies.
Therefore, the fundamental plane distances, which are cali-
brated for the entire range of magnitudes11 of the SDSS and
BOSS sample, are systematically overestimated. In contrast
to this, both the corrected fundamental plane and the ex-
panded fundamental plane are not affected by this bias, not
even for rich clusters where it is the most striking for the
traditional fundamental plane (see Figure 15).
We repeated the same procedure with the CosmicFlows-
3 (Tully et al. 2016) dataset from which we only ex-
cluded all fundamental plane distances. The advantage of
11 We double-check that this is not due to the lack of a
Malmquist-bias/saturation correction by also looking at the dis-
tances derived using the fundamental plane coefficients obtained
using volume-weights. We found a similar (actually slightly worse)
systematically biased distribution.
the CosmicFlows-3 sample compared to the Tully-Fisher re-
lation distances obtained from NED are that it is consis-
tently calibrated. As illustrated in Figures 16 and 17, the
overall behaviour is fairly similar to the Tully-Fisher rela-
tion distances sample. Due to the overlap between the two
samples, this is expected.
Supernovae Type Ia are rare, but out of the 740 su-
pernovae in the database of Betoule et al. (2014), we found
33 within our sample of galaxies with fundamental plane
distances. The main advantage of the supernovae Type Ia
dataset is that they cover a much wider range in distances
than the Tully-Fisher relation dataset. The supernovae Type
Ia dataset does not show any notable systematic biases (see
Figure 18) for any fundamental plane. Furthermore, there
is a minor discrepancy between the redshifts from the su-
pernova catalogue and the SDSS redshifts, but using the
other redshifts from the supernova catalogue instead only
marginally decreases the error between the supernovae dis-
tances and the redshifts to 7%12, while slightly increasing
all other errors.
6 SUMMARY AND CONCLUSIONS
We used the latest data release from SDSS (Aguado et al.
2018) to derive the largest set of fundamental plane distances
to date. We provided a comprehensive catalogue of funda-
mental plane distances to 317 285 galaxies up to a redshift
of 0.4. We calculated distances using the traditional funda-
mental plane, as well as two alternative variants of the fun-
damental plane, which we called the corrected fundamental
plane and the expanded fundamental plane. Additionally,
we constructed a FoF group catalogue based on the SDSS
spectroscopic sample up to a redshift of 0.5, which was sup-
plemented by 2MRS (Huchra et al. 2012) data to partially
compensate for the saturation limit of SDSS spectroscopy.
This group catalogue helped us to reduce the scatter of dis-
tances obtained from the traditional fundamental plane from
an average of 20.2% down to an average of 18.4%. Addition-
ally, it allowed us to conduct further tests of our distance cal-
ibrations by helping us to compare our fundamental plane
distances to Tully-Fisher relation distances obtained from
12 And would remain at 8%, if taking all 740 galaxies of the su-
pernova catalogue.
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NED, distances from the CosmicFlows-3 (Tully et al. 2016)
sample, and supernovae Type Ia distance obtained from (Be-
toule et al. 2014).
We defined the corrected fundamental plane to com-
bat systematic biases affecting the traditional fundamental
plane by adding a correction function that removes said bi-
ases. Although this function is explicitly redshift dependent,
we did not measure any increase in the systematics due to
redshift-space distortions. With a reduced scatter of the dis-
tance estimates to 14.5%, we consider best and safest way
to improve the traditional fundamental plane. A more ex-
perimental way to even further reduce the uncertainties in
the distance measurements is the expanded mass fundamen-
tal plane, which we obtained by adding a term proportional
to the stellar mass to the definition of the traditional fun-
damental plane. While we were able to reduce the scatter
of the distance measurements using the expanded funda-
mental plane to only 9.0%, which is half the value of the
traditional fundamental plane, we found it to be strongly
dependent on the specific stellar mass model. Furthermore,
the cross-correlations between the stellar masses and various
parameters created additional problems with the systemat-
ics from redshift-space distortions. While the improvements
in the overall scatter are great for the expanded fundamen-
tal plane, the increased systematics will cause problems for
future peculiar motion studies using these distances. We con-
sider the corrected fundamental plane as the best approach
of obtaining redshift-independent distances using our meth-
ods.
A detailed description of our complete set of catalogues
can be found in Appendix B. In the future we hope to use
quality selected subsets of our catalogues using some of the
improved fundamental plane distances for peculiar velocity
studies and to further our understanding of the matter dis-
tribution in the local universe.
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APPENDIX A: DETAILED SELECTION
CRITERIA
A1 Group data selection
We selected galaxies in SDSS DR15 (Aguado et al. 2018)
using the following set of criteria:
• covered by SDSS/BOSS spectroscopy
(SpecObj.bestobjID, 0)
• photometrically identified as a galaxy (PhotoObj.type=
3)
• spectroscopically identified as a galaxy or QSO
(SpecObj.class=’GALAXY’ OR SpecObj.class=’QSO’))
• redshift between zero and 0.51 (SpecObj.z< 0.51 AND
SpecObj.z> 0)
• clean spectroscopic data (SpecObj.zWarning= 0)
• no data from known problem-
atic BOSS plates (((SpecObj.tile≥ 10324)
AND (SpecObj.instrument=’BOSS’)) OR
(SpecObj.instrument=’SDSS’)).
For all galaxies selected using these criteria, we obtained
the following parameters from SDSS:
• photometric object ID (PhotoObj.objID)
• galactic coordinates (PhotoObj.b and PhotoObj.l)
• spectroscopic redshifts (SpecObj.z )
• composite model magnitudes in the g,r,i, and z band
(PhotoObj.cModelMag X 13) and the corresponding error
(PhotoObj.petroMagErr X )
• the galactic extinction values associated with these
galaxies (PhotoObj.extinction X ) based on Schlegel maps
(Schlegel et al. 1998).
13 To condense our notation a little, we used the wildcard X to
indicate that we obtained this quantity for the g, r, i, and z band.
MNRAS 000, 1–26 (2019)
22 C. Saulder et al.
A2 Early-type galaxy selection
We required our sample of early-type galaxies to fulfil the
following set of criteria:
• redshift lower than 0.5 (SpecObj.z< 0.5 )
• spectroscopically identified to be a galaxy14
(SpecObj.class=’GALAXY’)
• central velocity dispersion between 60 and 420 km/s
(SpecObj.veldisp> 60 AND SpecObj.veldisp< 420)
• decent spectroscopic signal-to-noise ratios
(SpecObj.snMedian> 10)
• no edge-on or strongly inclined S0-galaxies (defined
by an axis-ratio greater than 0.7) in any15 band (Pho-
toObj.deVAB X< 0.7)
• likelihood for a de Vaucouleurs-profile has to be
greater than for an exponential profile in every band (Pho-
toObj.lnLDeV X>PhotoObj.lnLExp X )
• de Vaucouleurs-profiles have high fitting fractions in ev-
ery band (PhotoObj.fracDeV X> 0.8)
• object is increasingly brighter in redder bands
(PhotoObj.deVMag g>PhotoObj.deVMag r> Pho-
toObj.deVMag i>PhotoObj.deVMag z )
• extinction corrected g-r is greater than 0.65
mag (((P.deVMag g-P.extinction g)-(P.deVMag r -
P.extinction r))> 0.65)
• extinction corrected g-z is greater than 1
mag (((P.deVMag g-P.extinction g)-(P.deVMag z -
P.extinction z ))> 1.0).
For the selected objects, we downloaded the following
parameters:
• photometric object ID (PhotoObj.objID),
• DR7 photometric object ID (if available16) for
cross-matching with value-added catalogues (PhotoOb-
jDR7.dr7objid)
• equatorial coordinates (PhotoObj.ra and PhotoObj.dec)
• galactic coordinates (PhotoObj.b and PhotoObj.l)
• spectroscopic redshifts (SpecObj.z )
• central velocity dispersions (SpecObj.veldisp)
• identifier of the spectroscopic instrument17
(SpecObj.instrument)
• semi-major/minor axis ratio in every band (Pho-
toObj.deVAB X )
• de Vaucoleur radii in every band (PhotoObj.deVRad X )
• de Vaucoleur model magnitudes in every band (Pho-
toObj.deVMag X )
• galactic extinction values associated with the coordi-
nates of these galaxies (PhotoObj.extinction X )
• stellar masses (if available) (stellarMassPCAW-
iscM11.mstellar median) according to Wisconsin method
(Chen et al. 2012) using Maraston models (Maraston &
Stro¨mba¨ck 2011).
14 QSOs are not longer allowed, when compared to the sample
used for the group catalogue.
15 We are referring to the main SDSS bands minus the problem-
atic u band only. Therefore, by ’any band’ or ’every band’, we
always refer to the SDSS g, r, i, and z-bands.
16 a LEFT (OUTER) JOIN in our SQL-code
17 if SDSS or BOSS fibres were used
A3 Selection of galaxies for fundamental plane
calibrations
We further filtered the early-type galaxies selected according
to Appendix A2 to obtain the sample, which we used for
our fundamental plane calibration, by applying the following
selection criteria:
• evolution corrected absolute magnitudes Mabs between
-25.5 mag and -19 mag in the z band
• g-r colour between 2.5 mag and -1.5 mag
• radius of log(Re/kpc) between -0.5 dex and 1.5 dex in
any filter
• uncorrected velocity dispersion greater than 100 km/s
• redshifts less than 0.4 (in the CMB-rest frame)
Additionally, we used the sample after this first cleans-
ing to determine the red sequence in the colour-magnitude
diagram18. We removed:
• 5-σ outliers from the first iteration of the traditional
fundamental plane in any filter
• g-z colour bluer than 1 mag
• 3-σ outliers from the red sequence.
A4 Millennium simulation data selection
For the galaxies in the selected snapshots of the WMAP7
re-run by Guo et al. (2013), we obtained the following pa-
rameters:
• galaxy ID (galaxyID)
• ID of their host FoF group (fofID)
• Cartesian coordinates (x,y, and z )
• proper motions (velX,velY, and velZ )
• absolute magnitudes in the griz bands XDust.
APPENDIX B: CATALOGUE DESCRIPTIONS
Alongside this paper19, we supply a set of catalogues con-
taining the results of our group finder and our fundamental
plane distance estimates. In Table B1, we provide our group
catalogue that covers the SDSS spectroscopic footprint out
to a redshift of 0.5. The individual galaxies associated with
the groups listed in that table are provided in Table B2. The
fundamental plane distances obtained using the traditional
fundamental plane are listed in Table B3, while the distances
from the corrected fundamental plane can be found in Table
B4 and the distances obtained using the expanded funda-
mental plane are provided in Table B5.
18 In g-r colour and z band absolute magnitudes.
19 The full catalogues will be made available on VizieR once this
paper is accepted.
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groupID ra dec z Lobs σgroup Rgroup DL ngroup
- [◦] [◦] - [109 L ] [km/s] [◦] [Mpc] -
1 160.719162 59.227428 0.004273 270.5 708 10.018953 18.4 84
2 187.260452 10.417997 0.005818 4097.3 1201 4.531367 25.0 490
3 26.977180 27.432779 0.000520 0.2 0.0 0.0 2.2 1
4 189.997421 61.609196 0.000862 0.8 0.0 0.0 3.7 1
5 202.402115 58.418732 0.001072 0.3 0.0 0.0 4.6 1
Table B1. The first 5 lines of our combined SDSS/2MRS group catalogue to illustrate its data structure. First column: internal group
ID of this catalogue; second and third column: equatorial coordinates of the group centre; forth column: median redshift of the group;
fifth column: combined i band luminosity of all detected members of the group; sixth column: velocity dispersion of the group; seventh
column: angular radius of the group; eighth column: luminosity distance to the group centre; and ninth column: number of detected
group members.
objID groupID ra dec z rank
- - [◦] [◦] - -
3 1 148.888260 69.065262 0.000161 32
40 2 186.549225 12.945970 0.000281 357
68 2 189.207565 13.162870 0.000290 395
239 1 146.814407 67.916382 0.000298 63
191 1 150.829758 68.733727 0.000332 46
Table B2. The first 5 lines of the associated galaxies list to group catalogue. First column: Object ID of the galaxy, which is either the
SDSS Object ID or the line number in the 2MRS catalogue; second column: internal group ID to match with Table B1; third and forth
column: equatorial coordinates of the galaxy; fifth column: galaxy redshift in CMB rest frame; and sixth column: i band luminosity rank
of the galaxy in its group.
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objID groupID galID ra dec z DL,ind DC,ind DA,ind Derr,ind zgroup DL,group DC,group DA,group Derr,group nETG
- - - [◦] [◦] - [Mpc] [Mpc] [Mpc] [%] [Mpc] [Mpc] [Mpc] [%] - -
1237666184574271705 394809 572388 0.000563 34.985603 0.145205 647.2 569.1 500.4 20.2 0.145205 647.2 569.1 500.4 20.2 1
1237652900211261501 274279 418176 0.001718 -10.373803 0.203001 925.6 777.8 653.6 20.2 0.203001 925.6 777.8 653.6 20.2 1
1237663234987459169 552218 779260 0.002316 32.703094 0.171572 600.1 532.0 471.7 20.2 0.171572 600.1 532.0 471.7 20.2 1
1237678617417810259 608217 850134 0.003771 1.281564 0.249549 1091.7 894.7 733.2 20.2 0.249549 1091.7 894.7 733.2 20.2 1
1237652946378162349 581852 818225 0.004289 -10.946661 0.166433 878.9 744.0 629.8 20.2 0.166433 878.9 744.0 629.8 20.4 1
1237657191978959103 158813 264525 0.007252 0.731457 0.080279 433.7 396.3 362.0 20.2 0.080202 423.3 387.5 354.7 5.4 14
Table B3. The first five lines and another selected galaxy of our catalogue of uncorrected traditional fundamental plane distances. First column: SDSS object ID; second column: internal
galaxy ID; third column: internal group ID; forth and fifth column: equatorial coordinates of the galaxy; sixth column: galaxy redshift in CMB rest frame; seventh to ninth column:
luminosity distance, co-moving distance, and angular diameter distance, respectively, of this galaxy derived from the fundamental plane; tenth column: relative error of the fundamental
plane distance estimate; eleventh column: redshift of the galaxy group hosting the galaxy; twelfth to fourteenth column: luminosity distance, co-moving distance, and angular diameter
distance, respectively, of the group hosting this galaxy derived from the fundamental plane; fifteenth column: relative error of the fundamental plane distance estimate to the group
hosting this galaxy; and sixteenth column: total number of early-type galaxies in the same group as that galaxy.
objID groupID galID ra dec z DL,ind DC,ind DA,ind Derr,ind zgroup DL,group DC,group DA,group Derr,group nETG
- - - [◦] [◦] - [Mpc] [Mpc] [Mpc] [%] [Mpc] [Mpc] [Mpc] [%] - -
1237666184574271705 394809 572388 0.000563 34.985603 0.145205 676.8 592.2 518.1 15.9 0.145205 676.8 592.2 518.1 15.9 1
1237652900211261501 274279 418176 0.001718 -10.373803 0.203001 1066.9 877.6 721.8 15.9 0.203001 1066.9 877.6 721.8 15.2 1
1237663234987459169 552218 779260 0.002316 32.703094 0.171572 660.3 579.3 508.3 15.9 0.171572 660.3 579.3 508.3 15.9 1
1237678617417810259 608217 850134 0.003771 1.281564 0.249549 1190.5 961.8 777.1 15.9 0.249549 1190.5 961.8 777.1 15.9 1
1237652946378162349 581852 818225 0.004289 -10.946661 0.166433 882.6 746.7 631.7 15.9 0.166433 882.6 746.7 631.7 15.9 1
1237657191978959103 158813 264525 0.007252 0.731457 0.080279 292.1 274.3 257.6 15.9 0.080202 406.3 373.1 342.6 4.2 14
Table B4. The first five lines and another selected galaxy of our catalogue of corrected fundamental plane distances. Columns are the same as for Table B3.
objID groupID galID ra dec z DL,ind DC,ind DA,ind Derr,ind zgroup DL,group DC,group DA,group Derr,group nETG
- - - [◦] [◦] - [Mpc] [Mpc] [Mpc] [%] [Mpc] [Mpc] [Mpc] [%] - -
1237666184574271705 394809 572388 0.000563 34.985603 0.145205 737.8 638.9 553.3 9.6 0.145205 737.8 638.9 553.3 9.6 1
1237652900211261501 274279 418176 0.001718 -10.373803 0.203001 938.1 786.8 659.9 9.6 0.203001 938.1 786.8 659.9 9.6 1
1237663234987459169 552218 779260 0.002316 32.703094 0.171572 840.5 715.8 609.6 9.6 0.171572 840.5 715.8 609.6 9.6 1
1237678617417810259 608217 850134 0.003771 1.281564 0.249549 1351.2 1067.5 843.4 9.6 0.249549 1351.2 1067.5 843.4 9.6 1
1237652946378162349 581852 818225 0.004289 -10.946661 0.166433 837.1 713.3 607.9 9.6 0.166433 837.1 713.3 607.9 9.6 1
1237657191978959103 158813 264525 0.007252 0.731457 0.080279 407.1 373.8 343.2 9.6 0.080202 382.5 352.9 325.5 2.6 14
Table B5. The first five lines and another selected galaxy of our catalogue of expanded fundamental plane distances. Columns are the same as for Table B3.
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APPENDIX C: ALTERNATIVE
FUNDAMENTAL PLANE CALIBRATIONS
While investigating various ways to improve the traditional
fundamental plane, we were testing several different alterna-
tive calibrations. While some ideas showed interesting cor-
relations, none of them could reasonably compete with the
other methods present in Sections 3.4, 3.5, and 3.6.
We tested using the number of early-type galaxies in-
stead of the stellar masses for the expanded fundamental
plane. While this apparently removed the systematic bias
following the group richness, it did not fully account for the
systematic offset at the lower redshifts (see Figure 19). The
overall improvement compared to the traditional fundamen-
tal plane were marginal.
Instead of applying a correction in magnitude-redshift
space after fitting the traditional fundamental plane, we con-
sidered letting the fundamental plane coefficients directly
dependent on these parameters. We called this approach, in
which we adapted the coefficient for the range of redshifts
and magnitudes of our sample, the dynamical fundamen-
tal plane. We divvied our sample into 2-dimensional bins
in redshifts and apparent magnitude space and calculated
the fundamental plane coefficients within individual in each
bin. We then interpolated the between the values of the bins
and used the coefficients corresponding to the observed red-
shift and magnitude of each galaxy. We found this distances
obtained from this approach very sensitive to size of the
bins and binning technique. Although the statistical error
could be seemingly reduced to a few percent, the systematic
redshift-dependences introduced this way were catastrophic.
We also tested the stellar mass fundamental plane and
a slightly altered variant of it, which we called the modified
stellar mass fundamental plane, with surprising results. As
illustrated in Figure 11, the stellar mass roughly correlates
with the absolute magnitudes as well as with the residuals of
the fundamental plane. While we used the masses of Wiscon-
sin method in this paper, we also tested this with the stellar
masses of Maraston et al. (2009, 2013) obtained from SDSS
photometry. While we consider the expanded fundamental
plane as a safer approach to improve on fundamental plane
distance, we also present a more challenging and experimen-
tal method, we found serendipitously by making a mistake
when implementing the stellar mass fundamental plane. Af-
ter some further testing and optimization, we ended up with
the following definition:
log10 (Re) = amsm · log10 (σ0) + bmsmΞ + cmsm. (C1)
with
Ξ = log10 (M∗) − fopt · log10 (Re) (C2)
Again the index msm for the coefficients of the modified
stellar mass fundamental plane should help to distinguish
them from the coefficients of the traditional fundamental
plane. We replaced the surface brightness term by a new
variable Ξ that in the case of fopt = 2 would turn Equation
C1 into the stellar mass fundamental plane. The interesting
thing about this calibration is that we included the physical
radii of the galaxies as derived from redshift-based distances.
This actually causes some circular reasoning, since we want
to derive this parameter as independently from redshift as
possible in order to use this relation as a proper standard
rod for distance measurements. However, this is not only
parameter entering the calibration, our approach seems to
work just fine. While we found an uncertainty in the dis-
tance estimates derived from the (regular fopt = 2) stellar
mass fundamental plane of 23.6%, with systematics due to
redshift-space distortions of 1.5 percentage point, we were
able to further reduce the scatter, when selecting other val-
ues for fopt. We found that for a value of ∼ 6.5 for fopt, we
were able to maximize a peculiar effect that we already found
for fopt = 520. When comparing the distances obtained from
the modified stellar mass fundamental plane with the Tully-
Fisher relation distances and the CosmicFlows-3 distances,
we noticed that they agreed better with them than they
did with redshift-based distances. The scatter between the
modified fundamental plane distances and the Tully-Fisher
relation/CosmicFlows-3 distances is smaller than the scatter
between the modified fundamental plane distances and the
redshift-based distances by about half a percentage point.
This is a marginal but interesting feature. However, the sys-
tematics from the redshift-space distortions are huge, es-
pecially for the nearby galaxies (below a redshift of 0.03),
where they are almost as big as the uncertainty of the mod-
ified stellar mass fundamental plane. Additionally, this was
only the case for the photometric stellar masses of Maras-
ton et al. (2009, 2013), but not for the spectro-photometric
stellar masses obtained by the Wisconsin method (Chen
et al. 2012) using Maraston models (Maraston & Stro¨mba¨ck
2011).
APPENDIX D: COLOUR TRANSFORMATIONS
BETWEEN SDSS AND 2MASS
In order to calculate magnitudes in SDSS bands from ob-
served 2MASS (Skrutskie et al. 2006) magnitudes for our
data from 2MRS (Huchra et al. 2012) or to calculate 2MASS
magnitudes from the simulated SDSS magnitudes provides
by the WMAP7 re-run of the Millennium simulation Guo
et al. (2011), we had to use an extrapolation function. Fol-
lowing previous work of Bilir et al. (2008) and Saulder et al.
(2016), we used the following equations for a extrapolations:
(mg−mX2MASS ) = dX2MASS (mg−mr )+eX2MASS (mr−mi)+ fX2MASS ,
(D1)
(mr−mX2MASS ) = dX2MASS (mr−mi)+eX2MASS (mi−mz )+ fX2MASS ,
(D2)
(mXSDSS−mKs ) = dXSDSS (mH−mKs )+eXSDSS (mJ−mH )+ fXSDSS
(D3)
The wild cards X2MASS and XSDSS stand for any of the
2MASS (J, H, and Ks) or SDSS (g, r, i, and z) respectively.
20 Due to a minor mistake in our initial derivation of the stellar
mass fundamental plane, we had the value set to 5 by accident.
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filter equation d e f rms [mag]
J D1 1.48 ± 0.03 1.09 ± 0.05 1.10 ± 0.02 0.178
H D1 1.53 ± 0.03 1.31 ± 0.05 1.67 ± 0.02 0.194
K D1 1.43 ± 0.03 1.48 ± 0.06 1.93 ± 0.02 0.216
J D2 1.44 ± 0.04 0.26 ± 0.02 1.25 ± 0.02 0.181
H D2 1.68 ± 0.04 0.37 ± 0.03 1.82 ± 0.02 0.196
K D2 1.73 ± 0.05 0.48 ± 0.03 2.02 ± 0.02 0.214
g D3 1.06 ± 0.03 1.21 ± 0.04 2.42 ± 0.03 0.253
r D3 1.06 ± 0.02 1.07 ± 0.03 1.79 ± 0.02 0.201
i D3 1.02 ± 0.02 0.96 ± 0.03 1.50 ± 0.02 0.185
z D3 0.90 ± 0.02 0.76 ± 0.03 1.51 ± 0.02 0.194
Table D1. Coefficients for all derived colour transformations.
Since we have four reliable21 SDSS bands, we had two op-
tions to set up the extrapolation function (using the magni-
tudes between the g and i band and alternatively using the
magnitudes between the r and z band). mg and similar terms
express the magnitude (since we only deal with colours in
all cases it does not matter if one uses apparent or absolute
magnitudes as long as they consistent for each magnitude
pair) in the corresponding filter. The coefficients d, e, and
f for each possible function were determined by fitting the
colour of the 5 890 galaxies that were identified in both SDSS
and 2MRS. We filtered iteratively for 5 − σ outliers, which
marginally reduced our sample to 5 842 galaxies.
We list the coefficients for all filters using all equations
in Table D1. We are able to estimate the colour (and thereby
magnitude) of a galaxy in a different filter system with an
uncertainty of about 0.2 mag. This naturally varies depend-
ing on the distance between the central wave length of the
corresponding filters used22.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
21 We excluded the u band for its well-known issues.
22 Oddly enough, both equations used for SDSS filters perform
about the same, but in two cases the actually closer filter system
(riz) yields marginally worth results than other set of filters.
MNRAS 000, 1–26 (2019)
